Transcription activator-like (TAL) effectors encoded by tal genes were recognized as a key virulence strategy used by Xanthomonas oryzae pv. oryzae (Xoo) to cause bacterial leaf blight of rice. TAL effector PthXo3 is a major virulence factor identified in a Philippine Xoo strain PXO61, and it can induce the expression of susceptibility gene OsSWEET14 by binding to the effector-binding element (EBE) in the promoter region. In this study, pthXo3 homologous genes were also identified and isolated from Xoo Chinese strain OS198 and Japanese strain JXOV, which were named as pthXo3 OS198 and pthXo3 JXOV , respectively. When pthXo3 JXOV was delivered into PXO99 A , the resulting strain PXO99 A /pthXo3 JXOV significantly increased virulence in 18 out of 23 rice varieties tested, with the most prominent increase in lesion length and bacteria propagation in rice IRBB13. PthXo3 JXOV suppresses the plant's innate immunity by inhibiting hypersensitive response (HR) and callose deposition. The Agrobacterium tumefaciens-mediated transient expression assays showed that, besides OsSWEET14, PthXo3 JXOV also interacts with other targets by binding to the EBEs in their promoter regions. Our results suggest that PthXo3 JXOV may interact with multiple targets to execute its virulence functions.
INTRODUCTION
Bacterial leaf blight caused by Xanthomonas oryzae pv. oryzae (Xoo) is a major disease of rice resulting in severe loss of yield. Xoo normally invades the xylem of rice leaves through hydathodes or wounds, and colonization of the bacterium in the xylem vessels results in drying of leaves, which gives the typical blighted appearance. Virulence of Xoo strains relies mainly on the effectors secreted into host cells through the highly conserved type III secretion system (T3SS) (Cho et al. 2008; White et al. 2009 ). TAL effectors (TALEs) are one particular type of type III effector proteins. They have a conserved architecture consisting of an N-terminal region required for T3SS secretion signal, a C-terminal region containing nuclear localization signals and an acidic activation domain, and a highly conserved central repeat region typically composed of nearly identical 34-amino acid tandem repeats. These repeats mainly differ in two variable amino acids at positions 12 and 13, called the repeat-variable diresidue. The repeat region of each TAL effector forms an α-helix right-handed superhelical structure winding around the major groove of double-stranded DNA, which specifically identifies the target DNA sequence (Schornack et al. 2013) . It has been shown that in each repeat the repeat-variable diresidue recognizes one base pair in the target DNA sequence. During infection, the TALE mediates target gene expression by binding to its specific promoter sequence, named the effector binding element (EBE) (Yang, Sugio and White 2006; Boch and Bonas 2010) . The number and arrangement of amino acids in the repeat region of TALEs determine the recognition sequence of proteins, especially the repeat-variable diresidues. The 'one repeat to one base pair' recognition mode of TALEs could be confirmed experimentally by using a β-glucuronidase reporter system or computer-based analysis (Boch et al. 2009; Moscou and Bogdanove 2009) .
The type III effector proteins manipulate host cellular processes in order to promote bacterial proliferation, allowing development of the disease. A major role of type III effector proteins in plant pathogenic bacteria is the inhibition of plant immune responses. The defense responses mainly include the HR-like cell death reactive oxygen species (ROS) bursts, callose deposition at the cell wall and the expression of defenseassociated genes (Hammond-Kosack and Jones 1996; Lamb and Dixon 1997) . HR is a form of programmed cell death controlled by direct or indirect interactions between plant resistance genes and a corresponding avirulence (Avr) gene in the host plant (Heath 2000) , and for non-host interaction, HR is usually elicited by proteinous effectors such as harpin. The HR is recognized by the characterization of brown dead cells at the infection site, and it can lead to multiple accompanied defense responses. Following the ion leakage, the influenced cells generate an oxidative burst, producing ROS. H 2 O 2 accumulation is a membranepermeable form of ROS (Levine et al. 1994) . The H 2 O 2 accumulation causes oxidative damage and lipid peroxidation to DNA and proteins, which can lead to programmed cell death (Montillet et al. 2005) . The H 2 O 2 accumulation also affects the expression of plant genes that participate in cellular protection and defense (Bradley, Kjellbom and Lamb 1992; Jabs et al. 1997) . Callose deposition is characterized by deposition of a β-1,3-glucan polymer around the entrance site of the pathogen, which is also a host cell-wall-associated defense response (Bestwick, Bennett and Mansfield 1995) .
TAL effectors play important roles in the interactions between Xanthomonas and their hosts. Several Xoo TAL effectors have been found to be major virulence factors that can activate the expression of susceptibility genes (S) during infection. For example, PthXo1 is the major virulence factor of Xoo strain PXO99
A inducing the expression of S gene OsSWEET11 (Yang et al. 2006) ; PthXo2 from Xoo strains JXO1 A and MAFF311018 induces the expression of OsSWEET13 to contribute to virulence (Zhou et al. 2015) ; two other TAL effectors, PthXo3 and AvrXa7, with major roles in virulence were verified to mediate the induction of OsSWEET14 (Yang and White 2004; Chu et al. 2006; Antony et al. 2010) . Besides PthXo3 and AvrXa7, OsSWEET14 can be activated by two other TAL effectors, TalC and Tal5, from Xoo strains BAI3 and MAI1, respectively (Yu et al. 2011; Streubel et al. 2013) . Additionally, K74-2 from Xoo strain K74 was predicted to target OsSWEET14 too (Yu et al. 2015) . These five TAL effectors target different promoter regions of OsSWEET14, which confirms that different TAL effectors can converge on the same virulence targets (Streubel et al. 2013 ). Identification of more tal genes from various Xanthomonas species, pathovars or strains and analysis of their repeat-variable diresidues will benefit the investigation of disease immunity/susceptibility and ultimately improve the resistance of crops by molecular plant breeding (Yu et al. 2015) .
Here we report the cloning and functional characterization of a pthXo3-homologous tal gene from Xoo strain JXOV, as well as its functional mechanisms. 
MATERIALS AND METHODS

Plant material, bacterial strains and growth conditions
Plant inoculations and virulence assays
Xoo bacteria with optical density (OD) of 0.5 at 600 nm were used for inoculation. Two topmost fully expanded leaves of 4-week-old rice seedlings were inoculated using the leafclipping method, and the lesion lengths were measured 14 days post-inoculation. Bacterial population counting was carried out by grinding six infected leaves with a mortar and pestle in 6 ml sterile water, diluting serially and plating on NA agar with appropriate antibiotics. The mean number of colonies in three plates of the proper dilution was calculated. The experiment was repeated three times.
RNA extraction and quantitative reverse transcription polymerase chain reaction (qRT-PCR)
Three-week-old rice leaves and 4-week-old N. benthamiana leaves were inoculated with water or different Xoo strains at an OD 600 of 0.5. After 24 h, leaves were pooled for total RNA extraction using TRIzol (Invitrogen, Carisbad, CA, USA) following the manufacturer's instructions. For qRT-PCR, the first-strand cDNA was generated from 2 μg RNA using the TransScript Fly First-Strand cDNA Synthesis Super Mix following the manufacturer's recommendations (www.transgen.com.cn). qRT-PCR was performed on a 7500 quantitative PCR system (Applied Biosystems, USA) using the SYBR Premix Ex Taq (TaKaRa). The rice gene Osgama was used as an internal control. For each gene, a minimum of three independent biological replicates were analyzed, each with three technical qPCR replicates. Average threshold cycle (Ct) was used to determine the fold change of gene expression. The 2 − CT method was used for relative quantification (Livak and Schmittgen 2001) . The primer sequences are provided in Table S1 in the online supplementary material.
HR assay and cell death measurement
The fully expanded leaves of 5-week-old N. benthamiana plants were inoculated with the bacteria suspension using a needleless syringe at an OD 600 of 0.5. HR symptoms were observed 24 hours post-inoculation (hpi) and photographed. For detection of the cell death, the injected areas were stained by trypan blue 12 hpi (Bowling et al. 1997) .
Detection of ROS
Detection of ROS was performed by measuring H 2 O 2 accumulation, a membrane-permeable form of ROS (Levine et al. 1994; Thordal-Christensen et al. 1997) , with diaminobenzidine (DAB) staining. The fully expanded leaves of 5-week-old N. benthamiana were infiltrated as described above and at 12 hpi, leaves were vacuumed for filtration in DAB staining solution for 10 min, incubated at 25
• C for 7-8 h, and then washed by 96% ethanol for 4 h. The cleared samples were examined under microscopy (Thordal-Christensen 1997).
Plant cell membrane permeability assay
To detect the plant cell membrane permeability (Goodman 1968) , the fully expanded leaves of 5-week-old N. benthamiana plants were inoculated with bacterial suspension using a needleless syringe at an OD 600 of 0.5. After 24 h, three to four inoculated tobacco leaf discs (0.49 cm 2 ) were put into a 50 ml centrifuge tube containing 10 ml ultra-pure water, and incubated for 1 h. The conductivity was measured using a conductivity meter (DDS-307W, Bante) (R1); then the test tube was boiled for 5 min, cooled to room temperature and shaken to determine the conductivity value (R2). The experiment was repeated 3 times. The plant cell membrane permeability was calculated as follows:
Plant cell membrane permeability (%) = R1/R2 × 100
Callose deposition assay
The fully expanded leaves of 5-week-old N. benthamiana were infiltrated as described above. At 24 hpi, the inoculated areas (10 mm in diameter) were taken from the leaves, and cleared of chlorophyll with 95% alcohol. After washing with 70% alcohol and water, samples were stained with 0.01% aniline blue in 150 mM K 2 HPO 4 (pH 9.5, KOH), and put under fluorescence microscopy to observe autofluorescent callose spots (Nikon, Tokyo, Japan) (Hanh 2010) .
Statistical analysis
The results were analyzed by Stata (version12; Stata Corp, College Station, TX) with bilateral type-one error of 5% (P < 0.05) (Tian et al. 2014) for the above experiments.
Transient expression assays in tobacco leaves
The inducible promoter BjC-P was used as the minimal promoter (-99 to +17) to drive the expression of the uidA gene to report the interaction between PthXo3 JXOV and its predicted target EBEs (Wu et al. 2009 ). Each predicted EBE was cloned into binary vector pCAMBIA1305 driven by BjC-P promoter to produce the β-glucuronidase (GUS) reporter construct reporter 1, reporter 2 and reporter 3. PthXo3 JXOV was also cloned into pCAMBIA1305 to obtain the expression plasmid. The reporter vectors and expression plasmid were then transformed into A. tumefaciens strain EHA105 respectively for transient expression assays in N. benthamiana leaves . For GUS assays, EHA105 harboring each construct was cultivated in LB medium with appropriate antibiotics. After growing for 48 h at 28
• C, bacterial cells were suspended in MMA solution [10 mM MgCl 2 , 10 mM 2-(N-morpholino) ethanesulphonic acid (pH 5.5), 100 μM acetosyringone] with OD 600 of 1.0. The expression construct and each reporter construct were mixed at 1:1 ratio and incubated for 3 h at 28
• C before infiltration into 5-week-old N. benthamiana leaves by a needleless syringe. At 48 hpi, leaves were detached for GUS staining as described (Wang et al. 2013) . (Fig. 1A) . was not significantly changed in the remaining six varieties. The above results demonstrated that PthXo3 JXOV was a virulent factor on a variety of rice cultivars.
RESULTS AND DISCUSSION
To investigate the bacterial growth in the leaves of the inoculated plants, seven varieties of rice (IRBB7, IRBB10, IRBB11, IRBB13, IR24, IRBB52, IRBB214) were randomly selected for quantifying the bacterial populations. As shown in Fig. 1B 
Expression of PthXo3 JXOV in PXO99 A suppresses the immune responses in Nicotiana benthamiana
Most plant pathogenic bacteria employ T3SS to inject type III effector proteins inside plant cells directly (Deslandes and Rivas 2012) . Suppression of plant immune responses is a major role of the type-III effector to facilitate bacterial colonization and growth. To determine whether PthXo3 JXOV is involved in the suppression of plant immune responses, we examined the HR and concomitant ion leakage, H 2 O 2 burst in N. benthamiana that were treated with PXO99
A and PXO99 A /pthXo3 JXOV . After inoculation, during the first 24 h, HR caused by PXO99 A / pthXo3 JXOV inoculation appeared later and weaker than PXO99
A with a lighter water soaking lesion ( Fig. 2A) . We also detected micro-HR in the inoculated tobacco leaves by trypan blue staining and, compared with PXO99 A treatment, the number of brown dead cells was reduced in leaves treated with PXO99 A /pthXo3 JXOV 12 h after inoculation (Fig. 2C) . Similarly, the concomitant ion leakage was also significantly suppressed by PXO99 A /pthXo3 JXOV compared with PXO99 A at the infection site (Fig. 2D) .
One of the mechanisms T3SS effectors use to suppress the immunity of plants is modulating the production of ROS, including H 2 O 2 (Stork, Kim and Mudgett 2015; Priller et al. 2016 (Fig. 2B) . The non-TAL T3SS effectors such as XopB and XopX from Xanthomonas euvescatoria are known to suppress ROS signaling. XopB decreases the expression of the apoplastic peroxidases At-PRX33 and AtPRX34, which accounts for a reduced basal H 2 O 2 production and subsequently for a decreased AtRBOHD expression. This may lead to a lower ROS production upon pathogenassociated molecular patterns (PAMP) stimulation and disturb downstream signaling pathways that control callose deposition. XopX also uses the plasma membrane-localized NAPDH oxidase NbRbohD to prevent flg22-induced ROS burst. Other type III effector proteins like AvrAC and AvrPphB can also impair the ROS burst, but they are in normal mitogen-activated protein kinase (MAPK) dependent signaling pathways (Zhang et al. 2010; Feng et al. 2012) . Besides T3SS effectors, Pep1 protein of Ustilago maydis could effectively inhibit the peroxidase-driven oxidative burst and thereby suppress the early immune responses of maize (Hemetsberger et al. 2012) . But so far, no study has reported the mechanism of the TAL effectors towards the oxidative stress. Whether PthXo3 JXOV manipulates the inhibition of peroxidase-mediated ROS production or promotes the degradation of H 2 O 2 by catalases to suppress the plant immunity is an interesting question and needs further study.
PthXo3 JXOV expressed in PXO99
A suppresses callose deposition in host plants and non-host plants
We also tested whether PthXo3 JXOV could inhibit callose deposition, a host cell-wall-associated defense response characterized by deposition of a β-1,3-glucan polymer around the entrance site of the pathogen (Bestwick, Bennett and Mansfield 1995) . Callose deposits appear as bright spots after staining with aniline blue detected under epifluorescence microscopy.
On IRBB13 rice, a host plant, leaves infiltrated with PXO99 A /pthXo3 JXOV produced a significantly lower number of bright spots than those treated with PXO99 A at 24 hpi after aniline blue staining ( Fig. 3A and B) . Similarly, on non-host plants tobacco and tomato, leaves infiltrated with PXO99 A /pthXo3 JXOV exhibited substantially lower numbers of bright spots than those treated with PXO99 A (Fig. 3C-F) . These results indicate that PthXo3 JXOV expressed in PXO99 A suppresses callose deposition in both host plants and non-host plants.
PthXo3 JXOV upregulates the expression of OsSWEET14
PthXo3 in Xoo strain PXO61 activates the expression of the target S gene OsSWEET14, which is a member of clade III of the SWEET gene family. The SWEET family encoded by sugar transporters stands for the best characterized group of S genes induced by TAL effectors (Chen 2014 The asterisk indicates that a significant difference compared with ME2 was detected at P < 0.05. Error bars represent standard deviation. (B) GUS activation assay. Agrobacterium strains delivering PthXo3OS198 or PthXo3JXOV and the β-glucuronidase (GUS) reporter PthXo3EBE were individually or co-infiltrated into tobacco leaves. Forty-eight hours post-infiltration, the infiltrated leaves were collected, stained with X-Gluc (5-bromo-4-chloro-3-indolyl-β-d-glucuronide) and finally cleared in ethanol.
We conducted qPCR to detect if the expression of OsS-WEET14 was induced by PthXo3 JXOV . To eliminate the interference of pthXo1, strain ME2, a mutant of PXO99
A lacking the major virulence gene pthXo1, was adopted as recipient strain for PthXo3 JXOV , and the virulence of ME2/pthXo3 JXOV was verified on rice IRBB13 (Fig. S2 in the online supplementary material). The qPCR results showed that the expression of OsS-WEET14 was significantly induced in IRBB13 inoculated with ME2/pthXo3 JXOV compared with ME2. The expression level of Os-SWEET14 induced by ME2/pthXo3 JXOV was 81 times that of ME2 (Fig. 4A) . To further confirm this interaction, we also adopted Agrobacterium tumefaciens-mediated transient expression assays with a GUS reporter system in N. benthamiana leaves. Reporter gene expression driven by specific promoter was monitored by histological staining for GUS activity. The results showed that both PthXo3 JXOV and PthXo3 OS198 induced strong GUS activity with OsSWEET14 promoter fragments (Fig. 4B) . The above results confirmed that OsSWEET14 was a target gene of PthXo3 JXOV and PthXo3 OS198 . OsSWEET14 is a susceptibility gene, and its (Wu et al. 2009 ) was preceded with the EBE1 (yellow), EBE2 (green) or EBE3 (purple) sequences and cloned upstream and in frame of the uidA (GUS) gene (blue arrows) in binary vector pCAMBIA1305. (D) GUS activation assay of PthXo3JXOV. Agrobacterium strains delivering PthXo3JXOV-expressing constructs and the GUS reporter constructs were individually or co-infiltrated into tobacco leaves. Forty-eight hours postinfiltration, the infiltrated leaves were collected, stained with X-Gluc and finally cleared in ethanol. The Tal17.5-expressing construct was used as the negative control.
induction is thought to trigger sugar release to the apoplast, providing a nutrient source to the bacteria (Streubel et al. 2013) . Our data showed that PthXo3 JXOV was also a major TAL effector that contributed to the virulence of strain JXOV. Recent research showed that indels within TalC EBE produced by transcription activator-like effector nucleases (TALEN) prevented OsSWEET14 induction but failed to confer resistance to the wild type strain and the author proposed the existence of additional targets for TalC beyond OsSWEET14 (BlanvillainBaufumé et al. 2017) . We wondered if there are possibly other target(s) for PthXo3 JXOV besides OsSWEET14. It will be important and interesting to uncover if one TAL can target different targets.
PthXo3 JXOV upregulates the expression of three other target genes by binding to their EBEs
To check if PthXo3 JXOV had any other target genes besides Os-SWEET14, we performed in silico TALE target prediction with a developed algorithm named TALgetter 1.0 (Grau et al. 2013) on rice promoterome (1 kb sequences upstream of the start codon of all annotated Oryza sativa genes), and found that many genes were predicted as candidate targets for PthXo3 JXOV .
To verify if these targets are real, we stochastically chose three targets Os04g58860 (referred to as CDS1 for the encoding gene, and EBE1 for the corresponding EBE), Os01g70930 (CDS2, EBE2) and Os05g45430 (CDS3, EBE3), which ranked 1st, 16th and 36th, respectively, for the following research. We first conducted both semiquantitative RT-PCR and quantitative realtime PCR to test if the expression of coding sequences downstream from the predicted EBE could be induced by PthXo3 JXOV . The results showed that the expression levels of all three CDSs downstream from the EBEs predicted in silico were significantly induced by PXO99 A /pthXo3 JXOV compared with PXO99 A (Fig. 5) .
To further analyze the activity of these three EBEs, we also carried out A. tumefaciens-mediated transient expression assays, and the results showed that PthXo3 JXOV induced GUS activity fused with all the three predicted EBEs. Thus, these three genes are all valid targets for PthXo3 JXOV , but their functions are still unknown. It is possible that the above three targets play a secondary function independent of or collectively with OsSWEET14.
Multiple TALEs, including PthXo3 JXOV , targeted OsSWEET14. Previously, it was believed that the major virulence TALE targets only one major susceptibility gene. However, research on interaction between TalC of BAI3 and its EBE of OsSWEET14 proposed a possibility of the existence of additional targets besides OsSWEET14 (Blanvillain-Baufumé et al. 2017) . Our research here experimentally proved that PthXo3 JXOV induced an additional three genes besides OsSWEET14 and interacted with the corresponding EBEs directly. The exact functions of these three additional targets of PthXo3 JXOV still need further investigation.
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